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venovenous hemodialysis on a patient .comprising administering ^^^SJJJSSSm below that of normal blood 
the filter. The invention preferably utilizes a dialysate having a sodium and calcium concentrano 
and an alkali concentration sufficiently low to reduce or prevent alkalosis. 
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rrttJTTNUOUS 



„out this application variou ^ 
referenced by numbers within Pa«nt»eses 

5 for these publications Bay be found at the «* 
deification immediately preceding the claims, 
cisl osures of these publications ih their entiret- are 
nereby incorporated by reference into ^J™^*^ 
order to more fully describe the state of the art 

10 this invention pertains. 



continuous arteriovenous ^^^^ 
. rt1tr -,c- -the manor form or renai xc^* 
15 ^a™ cliticam ill' P-ients with acute renal 
(*,. «nerally. the procedure has retired 
systemic anticoagulation utilizing heparin or in a few 
cases prostacyclin to maintain filter patency (1 • 
cases, pros y rmmma bY CAVHD membranes, systemi- 
20 Although heparin is removed * ^ has been 

rSTSS an^rease! incidence of bleeding £ Xn 
order to circumvent this problem regional heparin 
anticoagulation has been tried, but this has not gained 
aTVClco y ^ ^ .q^ficultv in accurately 

25 widespread acceptance due to the «*«^ t »^ has been 
ad-lusting protamine doses (3). Similarly, CAVHD ™ 
attempted with freguent saline flushes through 
b utTt has been difficult to Keep the filter P«t»t« 
, «,.„ 24 hours. Although regional citrate 

longer than 24 nours ...... for conventional 

s: r ^ r ~ products - 

35 many hours or days, and the limitation on the ra te of 
removal of these products given the low dialysate 
rates employed in CAVHD. 
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Thus, there exists a need for an anticoagulant which 
can be effective in CAVHD but not produce the increased 
bleeding associated with heparin. This need is satisfied 
5 by the present invention due to the development of a 
technique employing sodium citrate as a regional 
anticoagulant for CAVHD (citrate CAVHD) which results in 
smooth removal of excess water, electrolytes and catabolic 
toxins without requiring systemic anticoagulation. Citrate 

10 is infused at the origin of the extracorporeal circuit, and 
the citrate-calcium chelate is removed by diffusion across 
the membrane. The metabolic consequences of the sodium 
citrate load are compensated for by the use of a special 
dialysate containing no alkali, subnormal sodium 

15 concentration, and no calcium. Calcium homeostasis is 
restored by a peripheral infusion of calcium chloride. 

This system achieves excellent patency and longevity 
of the standard CAVHD filter without any systemic 

20 anticoagulant effect. We have successfully utilized citrate 
CAVHD for two thousand hours in eleven critically ill 
patients without any hemorrhagic complications, whereas one 
third of patients treated with standard heparin 
anticoagulated CAVHD (heparin CAVHD) developed 

25 complications related to heparinization. Citrate CAVHD can 
replace heparin anticoagulation and is especially 
advantageous in seriously ill ARF patients who are at 
higher risk of bleeding. 

30 SUMMARY OF THE INVENTION 

The present invention provides a method of preventing 
blood from clotting in a filter during continuous 
arteriovenous or venovenous hemodialysis on a patient 
35 comprising administering to the blood an amount of citrate 
sufficient to prevent clotting in the filter. The 
invention preferably utilizes a dialysate having a sodium 
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and calcium concentration below that of normal blood and an 
alkali concentration sufficiently low to reduce or prevent 
alkalosis. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 



Figure 1 shows a comparison of circuit diagrams for 
heparin CAVHD (Fig. 1A) , and citrate CAVHD (Fig. IB). 
Sampling ports are (a) "peripheral", (b) "pre-f ilter" , (c) 
10 "post-filter", and (d) "ultraf iltrate" . 

Figure 2 shows the mean life of filters with citrate 
anticoagulation as compared to heparin anticoagulation and 
saline flushes. 
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DETAILED DESCRIPTION OF THE INVENTION 



The present invention provides a method of preventing 
blood from clotting in a filter during continuous 

20 arteriovenous or venovenous hemodialysis on a patient 
comprising administering to the blood an amount of citrate 
sufficient to reduce or prevent clotting in the filter. 
The citrate can occur in any suitable form but is most 
commonly sodium citrate. It is understood that such 

25 citrate administration is in an amount which is suitable 
for use in a patient, i.e., does not cause irreparable 
hypocalcemia, alkalosis, or hypernatremia. 

In a preferred embodiment, the invention comprises 
30 administering a dialysate. The dialysate preferably has a 
sodium concentration below that of normal blood. By 
"normal blood" is meant the sodium level which is average 
in a subject. A sodium concentration below that of normal 
blood has been found to reduce the likelihood or severity 
35 of hypernatremia in CAVHD. Thus, any reduction represents 
an improvement in the patient's condition. The range of 
sodium concentration will preferably be between about 77 
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* 97 and 117 

,,,-eterabXy » OU pa *ients 

and 130 -^JlL*— f^l- 

««/!. However £ * ^ to tM F""^,, le veX of 
and conditions ^ 7 iodluffi leve xs, th. s ^ 
Justin* «- J^^, can be «- «- « fl with 

has a n alXaXi 

, rably tne dialysate Reduce or prevent 
PrexerebW low to * ac etate 

concentration ■ ~ . u m eant a bicar ^ 

a XKaXosis. « s uitaoXe base- ^ „ t 

lactose or o aiaXysate or aXXaXi 

eventration depend, on^ ani tbe 

15 "* «::ionTaXcuXated according- 

concentration about 25 

an aXfcaXi concentration belo 
GSnera « Y ect"e in CVHO. '^^a preferably 
^Eq/X is effeC " , ow about 15 KM/ 1 and Ge neralXy, 
20 concentration ^ ess antlaXXV «ro . ^ ^ 

the aXlcaXi =° n «""* s etfe ctive at alalysa te 
the present - ^ Preferably ^ ^ ^ 

*~ Te Is betveen about 300 and ^ 

^ tne flow rates may , „ at ient's needs. 
However, «xe indiv idual patxew: 

the infusion or a rf an 

35 »lso provides a rably. 

35 T ne invention alS °! to normal blood. W 

molality neater or ^ 
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v.,,*- can contain any 

- nr-rv." - — - - 

compound to crea^ 

of normal wood. ^ 

. B ^ *\JT:^ - — preferably *• 

concentration below that o !» tiaUy ze ro. The 

»„ calcium concentration i , depleted by 

d i a iysate calcx ^ replac ing =al«- y to 

invention also » itMr po st-f liter or , trate 

citrate by adding calcium hypocal cemia or citr 

10 the patient to reduce P 

■ • -1— - • 



toxicity. 



8828226 „ July 1989 i is 

FrM , December 1988 through care 
„ 1. J£\ enal failure In the intensiv 

patients with acute Ca iifornia, San Diego 

Us at - --rtUL^th OK-: >j\^s 

8 (T fble I,- t*r.e had CVHO using saline 

for^tatning «« 

^ s was through an 8 F, 
25 2 v^,X^-. - teri :\taltic catheter (Medcomp 
singTe^TT^r . PA? vygon catheter 

catheter, Hedcomp inse rted into the «o** 

*enal systems, Minneapolis ^ I VenoUS access 

,n artery utilizing a Seldmger catne ter (Vascath, 

30 SS- • — : ^ , i Verted into the femoral 
Q uinton instruments, Seattl 
or subclavian vein. 

^ 0 treated with a 
jUl patients were tr 
Filt§X : -i^or in a parallel f 

35 ^acrylonTtrile -embran. . q _ (H ospal 

configuration with a sur 
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til ter. Ultraf T« achieve a net u««£ d via a 
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> ^ - aU -« JJ^ete from 

temporarily 



15 



PCI7US90/06158 

WO 91/06326 

8 

clearance studies are being drawn. GeneralXy. <=^ ran = e 
studies cn the filter are don by standard methods at 
least twice a day. Both blood and dialyser clearances are 
■ calculated. Peripheral blood electrolytes BUN, 

5 creatinine, total and ionized calcium, phosphate and 
magnesium are monitored every 12 hours or more frequently 
as necessary. Arterial blood gases are monitored 
similarly. 

10 6. Citrate ^^^ent: Monitoring" of plasma citrate 
levels is not necessary for routine operation of citrate- 
CAVHD. Citrate levels for our studies were determined 
using an enzymatic assay (5) . 

7 gj£ra£e^aSBB ""^ Nations: Variation of the 

formulation of all infusates and dialysates is possible to 
accommodate special metabolic requirements. We have chosen 
the following methods, although others are possible, to 
deal with special situations as indicated: (a) In the 
event of systemic acidosis we give an extra infusion of 
bicarbonate. Alternatively, appropriate amounts of 
bicarbonate could be added to the dialysate or replacement 
solution. (b) in the event of systemic alkalosis we give 
a central infusion of 0.2 molar hydrochloric acid (HC1) 
usually at 100 ml/hr for 5-10 hrs. Acid could also be added 
to the citrate infusate or elsewhere. (c) In the event of 
Hypernatremia we reduce dialysate sodium from 117 to 97 meg 
per liter. The alternative of lowering sodium m the 
replacement fluid is less efficacious in our experience, 
(d) Potassium or magnesium can be supplemented extraneously 
or altered in the dialysate formulation. (e) The glucose 
content of the dialysate could be varied for a variety of 
purposes, (f) We routinely give the calcium solution via 
a separate central line. We do not favor infusing calcium 
in the post-filter circuit because this tends to promote 
clotting of the venous access, particularly if the blood 
flow rate is very low. The alternative of administering 
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calcium by adding it to the dialysate solution has proved 
troublesome in our experience ( see below) . 
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RESULTS 

1. QliBisaJ Features 



The clinical characteristics of the eighteen patients 
with ARF are shown in Table 1. All patients were admitted 
10 to the ICU and had multiorgan failure in addition to ARF. 
Six of the patients received CAVHD after failing to 
tolerate IHD. Heparin was used as an anticoagulant for 
CAVHD in eight patients, two of whom were changed to 
citrate CAVHD because of critical heparin- induced 
15 thrombocytopenia (case #6) and life threatening bleeding 
(case #14). Three patients were treated with saline 
flushes through the filter. Two of these patients also 
received heparin CAVHD; one with hepatic failure (case #7) 
clotted his filter on saline flushes and was converted to 
20 heparin; the other is described below (case #6) . Citrate 
anticoagulation was the sole method in nine patients and 
replaced heparin CAVHD in another two. 

The first patient treated with citrate anticoagulation 
25 was case #6. This patient had an underlying membranous 
nephropathy and recurrent pulmonary emboli with 
debilitating cardiopulmonary failure for which he underwent 
a pulmonary thromboendarterectomy (6). Postoperatively he 
was hypotensive, fluid overloaded and oliguric with 
30 progressively worsening oxygenation. He was treated with 
heparin CAVHD with a rapid improvement in his hemodynamic 
status, but developed marked thrombocytopenia secondary to 
heparin induced platelet antibodies. He was subsequently 
treated with citrate CAVHD following a brief unsuccessful 
35 attempt at anticoagulation with prostanoid and saline 
flushes. Initially, the citrate anticoagulation was 
complicated by the development of metabolic alkalosis and 
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.„„ , 5 % Dianeal solution was 
hyp ematremia because regular ^ and _ 

used as the dialysate. *educl 9 solutlon „as 

eliTO inating bicarbonate sarum sodium Zavala 

inadequate and -^J^asoXvad with the uaa of a 
5 continued. The **° ble » *" te . Also , the presence of 
zer o-alKali, low-aodiu. *u*£ & higher 

calcium in the Dianeal adequa te anticoagulation 

citrate for the Cumulation, revealed as 

(once verging on systemro cxtr lciuffi dialys ate was 

an increased anion gap) . ™ « a nuo h lower 

substituted, it was found jepr= duel ^ ^ standardized 
do se of citrate would (as desc rihed in Hethods, . 

citrate CAVHD method SBOOthly in this patient 

it was utilized £mclion and was discharged 

15 until he recovered his ren^ later n e has good 

lr cm the ^^ d - rena r X f action and an excellent level 
cardiopulmonary and renai 
of recovery and rehabilitation. 

. 2 with return of renal 

your patients ^ lve *' Qne addl tional patient 
function and 2 ™' on cAVHD, hut subsequently 

re ceived IHD after ^f 1 " 1 "* , had support withdrawn 
died . Of the 16 -in damage and a patients 

for a diagnosis of irrevs 
succumbed to hepatic encephalopathy. 
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citrate toxicity in any patient although thr e patients 
transiently required HC1 infusion for metabolic alkalosis 
related to citrate metabolism. Hypernatremia was seen only 
while the citrate CAVHD protocol was being developed (in 
5 case #6). Pre-existing hyponatremia transiently worsened 
(from 130 to 127) in one patient with hepatic dysfunction 
on citrate CAVHD, but was corrected by increasing the 
dialysate sodium. 

10 During heparin CAVHD, two patients (25%) had serious 

bleeding and another (case #6) developed marked 
thrombocytopenia , as described above. In contrast, none 
of the patients while on citrate CAVHD had any episode of 
bleeding nor any evidence of a systemic anticoagulant 

15 effect from the citrate. Indeed, one patient (case #14), 
who almost died of hemorrhage while on Heparin CAVHD, and 
who was converted to citrate CAVHD for this reason, 
subsequently was twice taken to the operating room for 
major abdominal surgeries which were performed without 

20 complications while the citrate CAVHD continued. 

DISCUSSION 

The method described here for the performance of CAVHD 
25 using regional citrate anticoagulation overcomes 
significant problems that arise from the low blood flow 
rates and very low dialysate flow rates inherent in CAVHD. 
In contrast, conventional intermittent hemodialysis (IHD) 
machines employ blood flow rates in excess of 200 ml/min 
30 and dialysate flow rates of 300-700 ml/min. This allows 
citrate to be cleared rapidly even through conventional 
dialysis membranes, thus minimizing toxicity when citrate 
anticoagulation has been employed (7-13). In initially 
developing our own protocol for heparin CAVHD, we modified 
35 the technique originally described by Geronemus et al (1) 
to routinely include a replacement fluid infusion 
administered pre-filter (fig 1A) . This, and our use of 
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highly permeable membranes, enhanced the convective 
clearance obtainable with our heparin CAVHD technique, and 
facilitated subsequent development of our citrate 
anticoagulated method. 

5 

We were prompted to use regional citrate 
anticoagulation for CAVHD in our index patient (case #6) 
because other methods of anticoagulation had failed in this 
case. Citrate infusion was started at approximately 3-5% of 

10 blood flow rate. Use of citrate in IHD has been 
complicated by hypervolemia as large volumes of citrate 
have to be infused over a short period of time to 
effectively anticoagulate the extracorporeal circuit. 
Several investigators have used lower volumes by using a 

15 greater concentration of citrate (13). Since CAVHD 

requires removal of large volumes of fluid on an ongoing 
basis, this did not pose a significant problem for us. We 
were easily able to accommodate the 2.5-5L of extra fluid 
infused with the citrate over 24 hrs. Citrate infusion 

20 rates provided a total load of citrate of approximately 24 
mmol/hr and was adequate „ to maintain post-filter ACT»s 
between 200-350 sees. 

Since regional anticoagulation with citrate requires 
25 reversal of the anticoagulant effect by calcium infusion, 
we initially used a calcium-containing dialysate, but found 
that this resulted in an accumulation of citrate and 
calcium. This method has worked in IHD primarily because 
of the high dialysate and blood flow rates resulting in an 
30 increase clearance of citrate-calcium chelate. In our 
initial attempts with CAVHD using a calcium-containing 
dialysate, the dose of citrate needed to maintain adequate 
anticoagulation (as measured by the ACT) had to be 
increased to the point that verged intermittently on overt 
35 citrate toxicity as indicated by an increased anion gap. 
When we substitut d a zero-calcium dialysate formulation, 
a lower dose of citrate was sufficient. This was 
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reproducible when ACTs were measured repeatedly during 10 
minute periods, alternately employing standard calcium and 
zero calcium dialysates. Calcium was infused into the 
return line or elsewhere intravenously into the patient. 
5 The latter proved superior because return of calcium into 
the circuit was associated with clotting when the blood 
flow rate was low. The required rate of calcium 
replenishment was first approximated by theoretical 
calculation, then perfected by measurement of calcium 
10 balance and by trial and error. Maintenance of calcium 
balance and avoidance of citrate toxicity can be adequately 
assured if the patient's blood levels of the following are 
measured every 6 hours: anion gap (Na minus Cl minus 
bicarb) , ionized calcium and total blood calcium. 

15 

Citrate is available in a few different formulations, 
all based on trisodium citrate, usually pH balanced with 
citric acid. The sodium load imposed by citrate infusion 
is therefore considerable and tends to cause hypernatremia . 

20 Our initial attempt to overcome this employed low sodium or 
zero-sodium replacement solutions. Because the CAVHD 
circuit is usually capable of removing more body water per 
hour than the patient's needs dictate, the difference is 
replaced as a replacement solution, the volume calculated 

25 hourly according to the hourly fluid balance being 
achieved. Half-strength sodium or zero-sodium replacement 
solutions were found to cause unacceptably wide swings in 
blood sodium levels, partly because of the variable 
infusion rate needed for volume reasons. The degree and 

30 rapidity of swings in blood sodium so induced are 
potentially life threatening, or would require measurement 
of blood sodium at more frequent intervals than is 
practicable. Resolution of this problem was achieved by 
using full-strength physiological saline solution for the 

35 replacement solution, and by r ducing the sodium content of 
the dialysate below the physiological level so that net 
sodium diffusion would remove the sodium load. Making 
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volume replacement and sodium balance independently 
adjustable proved to be an important step in achieving 
adequate stability in our system. The required degree of 
reduction in dialysate sodium was calculated theoretically 
5 multiple times for different combinations of hematocrits, 
blood flows, citrate infusion rates and ultrafiltration 
rates, all of which impinge on the mass transfer of sodium 
to the low-sodium dialysate. It was found theoretically, 
and in practice, that a dialysate sodium concentration of 

10 117 mEq/1 provided stable control of sodium balance under 
most conditions. If hypematremia occurs we use another 
even lower formulation (sodium of 97) , or combinations of 
117 or 97 to achieve the desired result* This is a 
practical solution to the problem. In our hands the 117 

15 sodium dialysate has been appropriate approximately 95% of 
the time. To ensure that the dialysate is never hypotonic 
we have incorporated dextrose (2.5% w/v) in all low sodium 
dialysates. 

20 Citrate is metabolized in the body to bicarbonate. 

The continuous infusion of citrate to a patient in renal 
failure therefore leads to marked alkalosis which after 
some hours would be limiting or life- threatening (14). 
This trend was seen in our early attempts at citrate CAVHD . 

25 Reduction in the alkali content of the dialysate was 
therefore pursued, using the same mathematical approach 
employed to choose the sodium formulation. The result of 
this calculation suggested an alkali content (bicarbonate 
content) close to zero. The zero result is a coincidence as 

30 a different standard dialysate flow rate or different 
citrate flow rate would have given a different result. 
Employing a zero-alkali dialysate has been very successful. 
Minor degrees of alkalosis are still seen occasionally and 
we have established a protocol for reversing these with 

35 infusion of HC1. An alternative approach might be to 
acidify the citrate solution (more citric acid, less sodium 
citrate) . However, this modification has not proved 
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necessary in practice. 

Following the development of our standardized protocol 
of citrate CAVHD, we have implemented it in a variety of 
5 critically ill patients. We have found it to be at least 
as effective as heparin in maintaining filter patency. 
Citrate levels do not need to be routinely monitored as 
long as citrate flow rates are adjusted to the blood flow 
rates and ionized calcium levels are monitored. Citrate 
10 infusions have been well tolerated, even in patients with 
severe hepatic dysfunction. 

Utilizing our protocol, we have demonstrated that 
regional anticoagulation with citrate offers a practical 

15 alternative to systemic anticoagulation with heparin for 
CAVHD, and that it can be easily accomplished in the ICU 
setting to effectively achieve control of volume and solute 
balance. When properly monitored this technique has little 
chance of inducing significant patient complications and 

20 can dramatically lessen the potential for developing 
bleeding or thrombocytopenia. The procedure can be 
successfully continued during major surgery and general 
anesthesia. This citrate anticoagulation protocol is 
applicable also to pumped systems such as continuous 

25 venovenous hemodialysis (CWHD) , or indeed to any 
extracorporeal blood circuit in which low-flow hemodialysis 
occurs . 
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What is claimed is: 

1. A method of preventing blood from clotting in a 
filter during continuous arteriovenous or venovenous 
hemodialysis on a patient comprising continuously 
administering to the blood which has been drawn from the 

5 patient and has not yet entered the filter an amount of 
sodium citrate sufficient to prevent clotting in the filter 
and a dialysate comprising sodium at a concentration 
between about 77 and 130 mEq/1, alkali at a concentration 
below about 25 mEq/1, calcium at a concentration below that 
10 of blood, and wherein the dialysate flow rate is less than 
about 6,000 ml/hr. 

2. The method of claim 1, wherein the sodium is at 
a concentration between about 97 and 117 mEq/1. 

3. The method of claim 1, wherein the dialysate has 
an alkali concentration sufficiently low to reduce or 
prevent alkalosis. 

4. The method of claim 1, wherein the alkali 
concentration is below about 15 mEq/1. 

5. The method of claim 4, wherein the alkali 
concentration is essentially zero. 

6. The method of claim 1, wherein the dialysate flow 
rate is between about 300 and 2,400 ml/hr. 

7. The method of claim 6, wherein the dialysate flow 
rate is about 1000 ml/hr. 

8. The method of claim 1, further comprising adding 
an amount of an acid sufficient to reduce or prevent 
alkalosis in the patient. 

9. The method of claim 8, wherein the acid is 
selected from the group consisting of hydrogen chloride, 
arginine hydrochloride, and ammonium chloride. 



WO 91/06326 



PCI7US90/06158 



21 

10. The method of claim 1, ' further comprising a 
dialysate with an osmolality greater or equal to normal 
blood. 

11. The method of claim 10, wherein the dialysate 
contains dextrose. 

12. The method of claim 1, further comprising 
administering a replacement solution having about the same 
sodium concentration as the blood. 

13. The method of claim 1, wherein the dialysate 
calcium concentrate is essentially zero. 

14. The method of claim 1, further comprising adding 
sufficient calcium either post-filter or directly to the 
patient to reduce or prevent citrate toxicity or diminish 
hypocalcemia . 

15. A dialysate solution comprising a sodium 
concentration between about 77 and 130 mEq/1, a calcium 
concentration below that of blood, and an alkali 
concentration below about 25 mEq/1. 

16. The dialysate of claim 15, further comprising a 
glucose or dextrose concentration of about 2.5%. 

17. The dialysate of claim 15, further comprising a 
magnesium concentration of about 1.5 mEq/1. 

18. The dialysate of claim 15, further comprising a 
potassium concentration of about 4.0 mEq/1. 
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